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ABSTRACT. 
To ascertain which properties are sensitive to a crystalline 
environment about the constituent ions of a normal glass, or included 
impurity ions, prepared specimens were subjected to a variety of 
experimental techmiques. Measurements were made on soda glasses doped with 
the elements of the rare earth series using the following techniques: 
( i ) X-Ray Diffraction Spectra; 
( i i ) Conductivity (ionic) Measurements; 
( i i i ) Magnetic Susceptibility Measurements; 
(iv) Optical Absorption Spectra; 
(v) Electron Spin Resonance. 
As a result of these measurements i t i s clear that, for a study of glass 
systems using rare earth probes, experiments involving either optical 
or E.S.R. measurements w i l l provide most information about the glass matrix. 
The electrical conductivity i s less likely to provide direct 
structural information since i t s value depends upon so many parameters. 
However, the observed dependence of the r e s i s t i v i t y on the ionic moment 
of the dissolved ions i s extremely interesting and reqviires fvirther 
investigation. 
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CH&PTER ONE. 
INTRODFCTION. 
i o l The Structure of Glasseav. 
Our present understanding; of the structure of glass 
rests; l a r g e l y on the concept a introduced by W.H.Zachariasen 
i n 1932 ( l ) * o 
Contemporary research int o the structure o f crystaQlline 
silicaAes by WoL.Bragg (2) had revestled th a t , i n every case, 
the s i l i c o n atom i s tetrahedrally bonded to four oisygens ast 
8& d:<istaaice of l o 6 2 A o Zachariasen reasoned tha t , since the 
i n t r i n s i c strength of glass i s of the same order as that of 
cry s t a l s , the inter-atomic bonding forces i n a glass must 
be of the same nature as those i n the c r y s t a l form. I n the 
case of s i l i c a t e glasses he proposed that each s i l i c o n would 
be surrounded by an oxyg^en polyhedron as expected but these 
polyhedra would share only corners (not edges or planes) with 
each O)thero I n a three dimensional network the polyhedra 
would share at least three corners, with other polyhedra. The 
result,, shown diagramntatically i n Figure 1.1a, i s an irregular 
network having an energy content comparable with the 
corresponding c r y s t a l . 
• Numbers i n brackets indicate references on page 64. 

The lack of symmetry and p e r i o d i c i t y i s i n strong 
contrast with the regular arrangement i n the c r y s t a l l i n e 
state (Figure 1.1h), and immediately leads to several 
consequences, which are characteristic of glasses. I n the 
f i r s t place, the s o l i d glass i s isot r o p i c , which immediately 
follows from the lack of symmetry. I n the second place, i f 
a glass consists of several d i f f e r e n t constituents (as i s 
the case i n inorganic oxide-glasses) i t i s , generally 
speaking, not possible to express the chemical composition 
by a simple formula. This i s due to the lack of pe r i o d i c i t y 
of the network i n glasses, i n contrast with that of crystals, 
i n which the composition of one un i t c e l l defines the 
chemical composition. I n the t h i r d place, the atoms or 
molecules of the same kind, composing the vitreous network, 
are not a l l equivalent, as i s the case i n a cr y s t a l l a t t i c e . 
The energy required to break one of the chemical bonds 
which hold the network together w i l l be d i f f e r e n t f o r each 
i n d i v i d u a l l i n k , though, of course, f o r the majority of 
bond.s of the same type these energy values w i l l not d i f f e r 
greatly from a certain average value. Therefore, the 
breakdown of the network with increasing temperature w i l l 
be a gradual one, corresponding to gradual l i q u i f a c t i o n . 
The random network theory of Zachariasen was i n 
c o n f l i c t with a suggestion, put forward by Randall (3) i n 
19i^V that glasses are formed from aggregates of microscopic 
c r y s t a l s . This c r y s t a l l i t e theory, as i t became known, was 
based upon X-ray studies of vitreous; s i l i c a and the 
equivalent c r y s t a l l i n e form, c r i s t o b a l i t e . Comparing the 
X-ray d i f f r a c t i o n patterns of the two (Pigpre. lo2a-. and 
Figure 1.2b), the f i r s t broad peak of the vitreous s i l i c a 
corresponds to the strongest r i n g of the c r i s t o b a l i t e . Since 
the l i n e breadth i s known to increase as the size of the 
c r y s t a l l i n e p a r t i c l e decreases, a pattern similar to that 
obtained f o r vitreous s i l i c a i s to be expected f o r a 
microcrystalline structures I n order to explain the observed 
peak width, the c r y s t a l l i t e size would have to be i n the 
o 
order of 7o7A which i s scarcely larger than one u n i t c e l l 
of c r i s t o b a l i t e . 
Fundamental to the concept of c r y s t a l l i n i t y i s long 
range atomic order r e p e t i t i o n , and i n a p a r t i c l e containing 
only one u n i t c e l l r e p e t i t i o n cannot exi s t . There was then 
a very r e a l objection to the c r i s t o b a l i t e c r y s t a l l i t e 
description of s i l i c a glass. I n order to conform to the 
experimental f a c t s , i t required the extension of the term 
'"crystal" to blocks of matter so small that the term no 
longer had any meaning. 
A modification of the c r y s t a l l i t e theory proposed by 
Valenkov et a l (1+) i n 1936 proved more r e a l i s t i c . They 
(a) CR\STOE>ALITE:. 
0 
(b) V I T R E O U S S l U C A 
X - R A V I D I F F R A C T I O N P A T T E R N S 
suggested that w i t h i n the random network one would expect 
the c r i s t o b a l i t e configuration to exist f o r short distances 
as one of the v a r i e t i e s of configuration present. The 
ov e r a l l picture would be one of small distorted crystals 
separated by large zones of less order. The observed 
s i m i l a r i t y between the X-ray d i f f r a c t i o n patterns of 
c r i s t o b a l i t e and vitreous s i l i c a was thus explained. 
The f i r s t experimental evidence i n favour of Zachariasen's 
predictions came i n 1938 when Warren and Biscoe (5) 
calculated the bond lengths i n s i l i c a t e glasses. The figures 
obtained indicated a packing consistent with a random 
network. The work of Warren and Biscoe i s outlined, i n some 
d e t a i l , i n the X-ray section. 
There has grown up and s t i l l exists a considerable 
controversy i n the l i t e r a t u r e concerning the basic nature 
of glass. Even the structure of pure vitreous a l l i c a i s not 
yet completely determined ( 6 ) , and t h i s substance i s 
uncomplicated as glasses go. The facts seem to point to the 
conclusion, however, that while many i n d u s t r i a l advances 
i n glass technology have been made (7) from purely empirical 
cut-and-try methods, the present picture of glass structure 
at the atomic l e v e l i s only now beginning to emerge. This 
i s because, at long l a s t , more powerful physical methods 
are being used to study glass systems. 
5. 
1o2 Glass-Ceramics. 
A new f i e l d of glass technology, namely the conversion 
of glass to fine-grained c r y s t a l l i n e "glass-ceramics", was 
f i r s t announced by Corning Glass Works i n 1957. This 
development was made possible by the discovery of methods 
of c a t a l y s i s , or heterogeneous nucleation, whereby crys t a l 
growth s t a r t s simultaneously from many nuclei dispersed 
throughout the glass, a f t e r the glass a r t i c l e has been 
formed. 
An ideal technique f o r producing a uniformly f i n e 
grained c r y s t a l l i n e a r t i c l e from glass involves f i r s t 
introducing submicroscopic catalyst crystals i n a high 
degree of dispersion at a temperature below the range i n 
which the crystals of the major phases can grow at an 
appreciable rate. 
Fortunately, t h i s i s easily accomplished i n many 
glasses by dissolving i n the molten glass a minor ingredient, 
the catalyst or nucleating agent, and cooling the glass 
u n t i l the catalyst i s homogeneously nucleated and precipitates 
spontaneously i n submicroscopic p a r t i c l e s throughout the 
glass. The glass i s then reheated to a temperature and for 
a time that permits heterogeneous nucleation and growth of . 
c r y s t a l s , i n i t i a t e d by the catalyst p a r t i c l e s . This 
homogeneous nucleation i s obviously i n h i b i t e d i n the normal 
6. 
melt. 
A l i t h i u m aluminosilicate material nucleated by the 
addition of t i t a n i a i s now marketed under the trade name 
"Pyrosil" by George Jobling & Son of Sunderland. 
Pyrosil i s capable of withstanding severe thermal 
shock due to the low thermal expansions of the phases which 
c r y s t a l l i s e . The major c r y s t a l l i n e phase present i s either 
beta-eucryptite or beta-spodumene depending on the heat 
treatment. Both these metastable so l i d solution phases are 
closely related to c r y s t a l l i n e forms of s i l i c a and exhibit 
a negative volume thermal expansion co e f f i c i e n t over a wide 
range of temperature when sta b i l i s e d by l i t h i u m ions. 
N e u t r a l i t y i s achieved by the controlled substitution of 
aluminium ions f o r s i l i c o n i n the tetrahedra. These a t t r a c t i v e 
thermal properties a l l i e d with the good mechanical and Impact 
strength of ceramic ware, have been exploited i n the 
manufacture of domestic ovenware as well as many i n d u s t r i a l 
applications. 
The physical, chemical, o p t i c a l and e l e c t r i c a l 
characteristics of glass-ceramics vary f a r more with chemical 
composition than do those of glasses so that i t i s d i f f i c u l t 
to generalize on t h i s subject. Glass-ceramics usually have 
an opaque glossy appearance, either white or coloured, 
although some compositions may also be transparent. 
The hardness and scratch resistance of many glass-
ceramics are greater than those of glasses or most 
conventional ceramics. I n addition to t h i s , these materials 
possess desirable wear characteristics f o r applications 
such as high temperature bearings since they wear smoothly 
and uniformly, maintaining a polished surface. 
Glass-ceramics maintain t h e i r r i g i d i t y to higher 
temperatures than any conventional glass because of t h e i r 
c r y s t a l l i n e structure. Some have softening temperatures of 
o 
1 2 5 0 C and higher. As previously mentioned, thermal 
expansion c o e f f i c i e n t s range from negative values through 
zero to over 2 0 0 x 1^°C, depending on chemical composition 
and c r y s t a l structure. The glass-ceramics having thermal 
expansions near zero are p r a c t i c a l l y immune to breakage 
by thermal shock. 
I n e l e c t r i c a l properties, most but not a l l glass-
ceramics are classed as e l e c t r i c a l insulators, having 
d i e l e c t r i c constants between 5 and 1 0 , power factors 
ranging down to extremely low values comparable with the 
bestt e l e c t r i c a l ceramics, and excellent d i e l e c t r i c strength. 
Considering the m u l t i p l i c i t y of materials which have 
been, and continue to be, developed i n recent years, i t i s 
d i f f i c u l t to put any one material into i t s proper 
perspective or evaluate i t s future contribution. Nevertheless 
8. 
one l a aware of p o t e n t i a l i t i e s i n the glass-ceramic f i e l d 
which remain to be discovered and exploited, 
1.3 I n the past, most g l a s s s t u d i e s have been concerned 
with bulk p r o p e r t i e s such as v i s c o s i t y , d e n s i t y , s p e c i f i c 
heat, thermal c o n d u c t i v i t y and expansion, hardness, strength, 
o p t i c a l t r a n s m i s s i o n , and e l e c t r i c a l c o n d u c t i v i t y and 
d i e l e c t r i c p r o p e r t i e s . 
The newer p h y s i c a l methods which can be used to probe 
the b a s i c s t r u c t u r e of g l a s s e s are X-ray and neutron 
d i f f r a c t i o n , i n f r a - r e d and o p t i c a l spectroscopy, e l e c t r o n 
microscopy, Mossbauer e f f e c t , nuclear and e l e c t r o n 
paramagnetic resonance. No one of these methods t e l l s the 
whole s t o r y or even a l a r g e p a r t of i t . Whereas, for example. 
X-ray a n a l y s i s w i l l u s u a l l y completely determine the s t r u c t u r e 
of a s i n g l e c r y s t a l , only very broad, hard to i n t e r p r e t 
s p e c t r a r e s u l t when t h i s method i s used on g l a s s e s . The most 
f r u i t f u l approach, then, i s to study a g l a s s system with as 
many d i f f e r e n t techniques as can be applied, and attempt to 
i n f e r g l a s s s t r u c t u r e from the r e s u l t s of these i n v e s t i g a t i o n s . 
As a p r e l i m i n a r y to an extended study of the nucleated 
c r y s t a l l i s a t i o n process, i t was the purpose of the work 
de s c r i b e d i n t h i s t h e s i s to look f o r p r o p e r t i e s which are 
s e n s i t i v e to a c r y s t a l l i n e environment about the c o n s t i t u e n t 
9. 
end a variety of techmiques have been employed i n an examination of the 
physical properties of soda lime glasses doped with the elements of the 
rare earth series. 
The techniques used were: 
( i ) • X-Ray Diffraction Spectra; 
( i i ) Conductivity (ionic) Measvirements; 
( i i i ) Magnetic Susceptibility Measurements; 
(iv) Optical Absorption Spectra; 
(v) Electron Spin Resonance. 
I t was envisaged that; 
( i ) would detect any modification to the glass structure brought about 
by ,the included rare earth ions and thereby determine the nature of the 
prepared specimens to be used i n subsequent measurements; 
( i i ) would reveal factors introduced into the conductivity of glass by 
the addition of various ions; 
(iv) & (v) would provide information about the glass matrix which could be 
used to calculate theoretical values of susceptibility for comparison 
with the results given by ( i i i ) . 
10. 
CHAPTER TWO. 
SPECIMEN PREPARATION. 
Unused commercial soda g l a s s tube was f i n e l y ground 
and the chemical composition e s t a b l i s h e d as being 71% SiO^ 
17% Na^O and v i r t u a l l y f r e e from i r o n impurity. (A complete 
a n a l y s i s i s given i n Appendix I ) . Additions of r a r e earth 
oxides to t h i s f i n e l y ground base g l a s s were made on a 
weight b a s i s and the components ground together i n an agate 
mortar i n an attempt to achieve homogeneity. Each mix: was 
c a r e f u l l y t r a n s f e r r e d to a quartz g l a s s thimble capable 
of holding about ten grammes. Quartz, g l a s s was chosen f o r 
i t s high melting point and c o r r o s i o n r e s i s t a n c e . 
Melting was done i n a C r u s i l i t e rod box furnace f i t t e d 
w i t h an e l e c t r o n i c i n d i c a t i n g pyrometer c o n t r o l l e r and 
energy r e g u l a t o r . Consequently, heating to or cooling from 
the maximum temperature of 1300*'c could be p r e c i s e l y 
c o n t r o l l e d . 
A t y p i c a l melting c y c l e would be: 
( i ) A r i s e to 700°C over fo\ir hours. T h i s allows 
the entrapped a i r to expand and escape gra d u a l l y 
without blowing the mix out of the thimble. 
( i i ) The furnace temperature was then r a i s e d to 
1300°C by which time the soda g l a s s i s f l u i d . I t was 
then l e f t a t t h i s temperature f o r three hours to allow 
11. 
i n c l u d e d a i r bubbles to r i s e to the s u r f a c e . 
( l i i ) A f t e r cooling to 600°C, at a r a t e of 200°C per 
hour, the furnace was held at t h i s annealing temperature 
overnight. 
( i v ) Cooling to room temperature was achieved by 
s w i t c h i n g o f f the furnace, the i n s u l a t i o n being so 
e f f e c t i v e t h i s took a f u r t h e r four hours. 
The specimen was e a s i l y separajj:ed from the now 
d c Y i t r i f i e d quartz g l a s s thimble. 
By t h i s method the f o l l o w i n g specimens were prepared 
f o r examination: 
( i ) Soda ( r l a s s standard; 
( i i ) 55? Praseodymium Oxide 
( l i i ) 5^ Samarium Oxide 
( i v ) 1% ^ 
fOfo y Gadolinium Oxide 
20% 
(v) 5S5 Dysprosium Oxide 
(v/i) 5^ Erbium Oxide 
(by weight) 
i n 
Soda G l a s s . 
J 
With the exception of the 20^ and 3095 gadolinium oxide 
i:2. 
a d d i t i o n s , the oxide was completely d i s s o l v e d i n the soda 
g l a s s . The r e s u l t i n g specimen was transparent although, i n 
some c a s e s , the r a r e e a r t h i o n caused c o l o u r a t i o n . The soda 
g l a s s would not take up the higher percentages of gadoliniixm 
oxide, the r e s u l t being an inhomogeneous mixture of g l a s s 
and powder. 
13. 
CHAPTER THREE. 
X-RAY SPECTRA. 
3«1 I n t r o d u c t i o n . 
The X-ray d i f f r a c t i o n p a t t e r n of a g l a s s c o n s i s t s of 
one or more broad d i f f u s e r i n g s . I t i s d i s t i n c t l y d i f f e r e n t 
from the powder p a t t e r n of a c r y s t a l l i n e m a t e r i a l , which 
shows a l a r g e number of f a i r l y w e l l defined r i n g s . The X-ray 
d i f f r a c t i o n p a t t e r n s of v i t r e o u s s i l i c a and c r y s t a l l i n e 
s i l i c a ( c r i s t o b a l i t e ) have been shown i n Figure 1.2. 
Microphotometer records of the d i f f u s e p a t t e r n s can be 
p l o t t e d as i n t e n s i t y curves ( F i g u r e 3o1a) and, i n turn, 
r a d i a l d i s t r i b u t i o n curves obtained, by F o u r i e r a n a l y s i s , 
from the i n t e n s i t y curves ( F i g u r e 3«1b). 
Each d i s t r i b u t i o n curve i s the sum of four d i s t r i b u t i o n 
curves, namely, the atoms about a s i l i c o n , an oxygen, a 
calcium and a soditim. The p o s i t i o n of a peak i n a curve 
of F i g u r e 3«1b t h e r e f o r e g i v e s the d i s t a n c e between a p a i r 
of atoms, provided the v a r i o u s interatomic d i s t a n c e s are 
s u f f i c i e n t l y d i f f e r e n t from one another so that the 
corresponding peaks are r e s o l v e d . 
Using t h i s method J . Biscoe (8) concluded that the 
o 
S i - 0 d i s t a n c e i s 1.62A and, by c a l c u l a t i n g the area 
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under the peak, t h a t each s i l i c o n i s surrounded on the 
average by four oxygens. Furthermore, despite the u n c e r t a i n t y 
of the peak p o s i t i o n , he was able to estimate the i n t e r -
atomic d i s t a n c e s f o r the c o n s t i t u e n t s of s o d a - l l m e - s i l i c a 
g l a s s as f o l l o w s : 
SI - 0 1lo62A 
, 0 
0 - 0 2ol 
Naa. - 0 2o35A 
S i - S i 3o2DA 
The s t r u c t u r e of s o d a - l i m e - s i l l c a g l a s s , Biscoe 
suggested, i s a three-dimensional random network i n which 
each s i l i c o n i s surrounded by four oxygens, each approximately 
at the corner of a tetrahedron. Some of the oxygens are 
bonded to two s i l i c o n s and some to one s i l i c o n . There are 
holes i n t h i s random network i n which the sodium and calcium 
atoms l i e surro\mded by s i x or seven oxygens r e s p e c t i v e l y . 
3a. 2 Experimental Method. 
Powder d i f f r a c t l o m i photographs were taken of each 
specimen using a P h i l i p s 11cm. Debye-Scherrer camera. A 2^ 
hour exposure to the Co Kol source was allowed throughout 
the s e r i e s , 
3^3> R e s u l t s . 
I t was impossible to d i f f e r e n t i a t e between the 
d i f f r a c t i o n p a t t e r n s produced by the various specimens. 
15. 
The broad d i f f u s e r i n g of the specimen containing 10% 
gadolinium oxide, shown i n Figure 3.2, i s t y p i c a l of the 
specimens examined. 
FIG. 3.2. 
T h i s r e s u l t confirms that no c r y s t a l l i s a t i o n occurred 
during the specimen preparation and that, i n subsequent 
experiments, one i s d e a l i n g with a v i t r e o u s s o l i d . The 
presence of r a r e e a r t h ions does not appear to modify the 
s t r u c t u r e but one cannot r u l e out the p o s s i b i l i t y of l i n e s 
appearing at a l a r g e angle. 
1!6.. 
CHiAPTER FOUR. 
ELECTRICAL CONDUCTIVITY IN GLASS. 
koA G l a s s as an E l e c t r o l y t e . 
The e l e c t r o l y t i c nature of g l a s s and i n p a r t i c u l a r 
the m o b i l i t y of the sodium i o n i n soda r i c h g l a s s e s was 
f i r s t demonstrated almost a centiiry ago. 
S i n c e that o c c a s i o n numerous r e s e a r c h e r s have contributed 
to the now overwhelming evidence supporting the view that 
s i l i c a t e s are predominantly i o n i c conductors. Kraus and 
Decrby ( 9 ) , f o r example, e l e c t r o l y s e d s o d a - l i m e - s i l l c a g l a s s 
between a mercury cathode and a fused s i l v e r n i t r a t e anode. 
A copper voltameter i n s e r i e s measured the cur r e n t . The 
sodium e l e c t r o l y s e d i n t o the mercury cathode was determined, 
and a l s o the change i n weight of the samples as the s i l v e r 
i o n s r e p l a c e d the sodium io n s . Furthermore, the depth of 
p e n e t r a t i o n of the s i l v e r ions could be determined e x a c t l y 
i f the g l a s s , a f t e r e l e c t r o l y s i s was heated s u f f i c i e n t l y 
to p r e c i p i t a t e the s i l v e r , t h i s treatment producing a deep 
red-brown colo\ir. These measurements enabled the authors 
to conclude that the mechanism of conduction was the 
replacement of one s i l v e r i o n f o r each sodium ion as the 
sodium and s i l v e r i o n s migrated towards the cathode. I t was 
17o 
a l s o concluded t h a t not a l l the sodium ions were replaced, 
the percentage which migrated varying p r o g r e s s i v e l y from 
IMx-t^o to 8li»0% as the temperature v a r i e d between 278*'c 
0 
and 3h3 C 
F u r t h e r evidence of i o n i c conduction has more recemitly 
been given\ by Peyches (iiO). A soda\ g l a s s was I r r a d i a t e d so 
th a t p a r t of the sodium became r a d i o a c t i v e sodium 2U> This 
g l a s s was placed between el e c t r o d e s of sodium n i t r a t e at 
o 
320 C. The radio-sodium was a l l found i n the cathode bath 
a f t e r a voltage had been applied f o r s u f f i c i e n t time. The 
g l a s s appeared to be unchanged otherwise. Peyches concluded 
t h a t conduction i s e s s e n t i a l l y i o n i c and, s i n c e anions are 
not observed to move, c a t i o n s must be the charge-carrying 
e n t i t y . 
The e l e c t r i c a l c o n d u c t i v i t y observed i n "pure" s i l i c a 
( 3 1 0 2 ) a r i s e s from the presence of current c a r r y i n g 
I m p u r i t i e s i n extremely small concentrations. 
The s t r u c t u r e of g l a s s i s c o n s i s t e n t with i o n i c 
m o b i l i t y . The g l a s s y network of silicon-oxygen tetrahedra 
i s r e l a t i v e l y r i g i d at low temperatures and the modifying 
a l k a l i or m e t a l l i c i o n s r e s i d e i n l a r g e c a v i t i e s as shown 
i n F i g u r e 1+.1. They are l o o s e l y bonded to the network. The 
energy b a r r i e r s t h a t they must pass to move to a nearby 
c a v i t y a r e s u f f i c i e n t l y low, at l e a s t f o r many c a v i t i e s . 
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t h a t a s t a t i s t i c a l d r i f t of these ions occurs through the. 
g l a s s when the g l a s s i s i n an e l e c t r i c f i e l d . The a b i l i t y 
o f an i o n to migrate thro\jgh the network w i l l depend 
b a s i c a l l y upon two f a c t o r s : 
( i ) the strength of i t s holding bond i n the l a t t i c e ; 
( 1 1 ) i t s p h y s i c a l s i z e r e l a t i v e to c a v i t y s i z e . 
The s i z e f a c t o r i s s u b s t a n t i a t e d by the lower co n d u c t i v i t y 
e x h i b i t e d by an annealed g l a s s (see Figure ko2^, The 
unannealed g l a s s has been c h i l l e d so q u i c k l y that an open 
s t r u c t u r e of low d e n s i t y i s formed, whereas the annealed 
g l a s s has had p l e n t y of time to rearrange i t s s t r u c t u r e to 
a higher d e n s i t y arrangement that more c l o s e l y approaches 
thermodynamic e q u i l i b r i u m . The open s t r u c t u r e of unannealed 
g l a s s permits i o n motion much more r e a d i l y and, perhaps, to 
some extent, permits a l a r g e r f r a c t i o n to p a r t i c i p a t e . The 
compact annealed s t r u c t u r e i n h i b i t s i o n motion and has a 
much higher r e s i s t a n c e . 
One might expect a s i m i l a r r e s u l t i f , I n s t e a d of 
d ecreasing the c a v i t y s i z e by annealing, l a r g e ions were 
introduced i n t o the network c a v i t i e s to I n h i b i t the d r i f t 
of s m a l l e r monovalent io n s . T h i s was i n f a c t I l l u s t r a t e d by 
Fulda (11) who r e p l a c e d s i l i c a , weight f o r weight, by other 
oxides i n what was o r i g i n a l l y a simple s o d a - s i l i c a composition. 
The data he c o l l e c t e d , shown g r a p h i c a l l y i n F i g u r e U,3,shows 
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P I G . U.3 
that the oxides of sodium and potassium r a i s e the c o n d u c t i v i t y 
d r a s t i c a l l y , as would be expected from the i o n i c theory of 
g l a s s c o n d u c t i v i t y . Note t h a t potassium oxide i s not as 
e f f e c t i v e as soda, at l e a s t on a weight percentage b a s i s , 
but both i n c r e a s e c o n d u c t i v i t y . Conversely, with the exception 
of alumina, other oxides tend to decrease the conductivity. 
These d i v a l e n t c a t i o n s would seem to be bound i n such a way 
as to block the flow of a l k a l i ions,hence i n c r e a s i n g ^. The 
peaks, i n ^ f o r c e r t a i n oxides such as that of barium are 
evidence of t h e i r loosening e f f e c t on the network. 
l+»2? Dependence of S o n d u c t i v i t y on Temperature. 
The dependence of c o n d u c t i v i t y on temperature was 
f i r s t e s t a b l i s h e d by Fousseron i n 1882?. The r a p i d decrease 
i n r e s i s t i v i t y ( ^ w i t h i n c r e a s i n g temperature i s expressed 
by Rasch and H i n r i c h s e n ' s equation ( 1 2 ) 
where A and B are constants and T i s the temperature measured 
on the K e l v i n s c a l e . 
The r e s u l t s obtained by Fulda,shown g r a p h i c a l l y i n 
F i g u r e would i n d i c a t e that the equation cannot be . 
a p p l i e d through the complete temperature range s i n c e the 
c o n s t a n t s w i l l change a t the t r a n s i t i o n p o i n t s . Pulda g i v e s 
measurements on one g l a s s of the following composition i n 
per cent, from room temperature to 1200°C: 7\- s i l i c a ; 
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5o.U lime; i2o3 soda.;; 8 , 7 potassium oxide; 2.o^h aluminav. The 
r e s i s t a n c e v a r i e s l i n e a r l y with ^/y up to a temperature of 
approximately U 6 0 ° C where there i s a gradual t r a n s i t i o n to 
a second s t r a i g h t l i n e ending a t about 6 5 0 ° C . From 9 0 0 ° C to 
1 2 0 0 ° C the r e s i s t a n c e changes very s l i g h t l y . T h i s f i r s t 
t r a n s i t i o n ! point i s g e n e r a l l y r e f e r r e d to as the " t r a n s -
formation point". At t h i s temperature he found the e l e c t r i c a l 
c o n d u c t i v i t y of s t r a i n e d and annealed g l a s s to become the 
same. He s t a t e s t h a t w i t h u n s t r a i n e d g l a s s there i a no w e l l -
defined break i n the^ c\irve but only a gradual t r a n s i t i o n from 
one d i r e c t i o n to the other. By i n c r e a s i n g the r a t e of heating 
durimg measiirement, the apparent change can be made more 
marked. F i g u r e 4 : o 5 shows t h i s e f f e c t . 
The conclusions that mus.t be drawn from Fulda's 
r e s u l t s a r e t h a t : 
( i ) there i s no sudden d i s c o n t i n u i t y i n the e l e c t r i c a l 
c o n d u c t i v i t y of annealed g l a s s , but a slow change, 
the r a t e of which probably depends upon the 
v i s c o s i t y of the g l a s s , The change la g s behind 
the temperature f o r the more rapid' changes and, 
when i t does begin, i t operates so as to give 
the appearance of. a c r i t i c a l temperature point. 
( i i ) the l o g ^ 7T S^aph i s by no means a s t r a i g h t 
l i n e which would i n d i c a t e e i t h e r the f a i l u r e of 
2:1i» 
the Rasch-Hindrichsen equation or that A and B 
are temperature dependent. The l a t t e r i s true f o r 
most glasses and generally two values of A and B 
are s u f f i c i e n t to define ^ . The exceptions, 
p a r t i c u l a r l y i n the molten state, have an 
act i v a t i o n energy markedly dependent upon 
temperature and obey the equation 
l o g ^ = A + b ' t 
Since a l l glasses i n the vitreous state and most 
glasses i n the molten state obey the Rasch-
Hindrichsen equation i t i s regarded aa the 
fundamental equation giving a description of 
the conductivity of glass i n general. 
The temperature dependence of resistance has been 
acknowledged i n the manufacturing process f o r many years 
where the preliminary heating i s done by conventional 
burners u n t i l the furnace charge becomes s u f f i c i e n t l y 
conductive to use e l e c t r i c current f o r lo c a l heating. 
ko3 Measurement of Conductivity i n Glass. 
I n deciMng which method to employ fo r the conductivity 
measurements one must consider the inaccuracies inherent i n 
the alt e r n a t i v e s . Alternating ciirrent methods, f o r example, 
give r i s e to A.C. losses which can cause the measured 
conductivities to be higher than the true D.C. values. Direct 
current methods, om the other hand, are subject to errors 
a r i s i n g from the decay i n the magnitude of the current-
carrying a l k a l i ions near the negative electrode. Since the 
data obtained was intended to show comparative conductivities 
rather than absolute values, an A.C. bridge method was 
selected on the basis of s e n s i t i v i t y and f l e x i b i l i t y . 
k.4: The A.C. Bridge. 
The selection of a suitable A.C. bridge f o r the 
inves t i g a t i o n was based upon the assumption that the 
equivalent p a r a l l e l resistance and capacitance values of 
the specimen's impedance would be i n the order of 10 ohms 
and I p f respectively and that i t would be necessary to 
detect changes of at least O0.5 per cent, of these values. As 
the measurements, were to be made^  with the temperature 
continuously varying., i t was also necessary to use a bridge 
i n which the balance point could be quickly found. The 
method which i s normally used to s a t i s f y these standards of 
accuracy i s the Sobering bridge. Unfortunately, the balance 
point of the bridge i s affected by stray capacities to earth 
and a Wagner zero must be obtained before each observation. 
Consequently, the time required f o r each reading i s longer 
than desirable thereby eliminating t h i s bridge for the 
measxxrements. 
I n 1928 Blumlein (13) proposed an alternative scheme 
23'. 
to reduce earth capacitance effects. This involved replacing 
the usual r e s i s t i v e r a t i o arms by a pair of t i g h t l y coupled 
inductors, earthed at t h e i r common point, whose turns r a t i o 
would be equal to t h e i r impedance r a t i o s . The principle and 
practice of a var i e t y of inductively coupled r a t i o arm 
bridges was outlined by Clark and Vanderlyn i n 19ij.9 
The bridge c i r c u i t i s shown i n Figure U.6. T, i s the 
coupling transformer and T2 the r a t i o arm transformer. Ri 
and C\ balance the r e s i s t i v e and capacitative components 
of the specimen impedance shown as a p a r a l l e l arrangement 
of R and C. R2 and R3 are resistance range selectors. 
With the notation of Figure l+,6, the balance condition 
f o r t h i s bridge i s 
n, = £ = RiRz + RzRa + RR3 + RRi 
n^ Cj RR2 
as derived i n appendix I I 
I n the construction of t h i s bridge the i n t e r n a l and 
external connections were made with screened lead. The r a t i o 
arm transformer, T2, was hand wound onto a f e r r i t e core; the 
eff e c t i v e turns r a t i o being adjusted to ^ ^'/n^ = V1OO. This 
was done by comparing the signal amplitudes on a cathode ray 
oscilloscope. 
The resistance balance arm, R,, consisted of f i v e 
decade boxes of selected carbon composition resistors and 
DETECTOR. 
c, 
R 
R. 
R2 
\ •—WNA-•—WSN^ /VV\A-
THE. A.C.BRIDGE CIRCUIT 
FIG. 4 . 6 
1 
21+.. 
a 100 ohm potentiometer. This gave Ri possible values ranging 
from 0 to 10^ ohms, i f necessary, i n one ohm steps. 
Calibration of the bridge was achieved by measuring known 
resistance values. A t y p i c a l c a l i b r a t i o n curve i s shown i n 
Figure U.7. Defining s e n s i t i v i t y as^^'/AR i t w i l l be seen 
that as R increases s e n s i t i v i t y decreases. Readings on the 
most sensitive, l i n e a r portion of the c a l i b r a t i o n curve are 
hampered by very small currents and i t was preferable to 
function on the middle region s a c r i f i c i n g some s e n s i t i v i t y 
f o r a more detectable current. I t w i l l also be noticed that 
there i s a lower l i m i t to the resistance that can be measured. 
By increasing.the value of the f i x e d resistance, R3, 
the c a l i b r a t i o n curve i s moved to higher R values. This 
increases the accuracy of measuring high resistances and 
also raises the minimum value. Values of R2 and R3, i n the 
r a t i o R3/R2 ; 2/1i, were selected by a wafer switch giving 
f i v e resistance ranges capable of measuring R values from 
10*** to 10'^ohms w i t h i n the prescribed l i m i t s of accuracy. A 
separate c a l i b r a t i o n curve was necessary f o r each of the 
f i v e ranges. Since the frequency dependence of the bridge 
re s i s t o r s introduced a progressive error i n t o the use of the 
c a l i b r a t i o n curves i t was decided to calibrate and operate 
the bridge at 900 Hz.. 
The standard capacity, C\, was an 80 pF a i r spaced 

25. 
capacitor with a minimum value of 20 pP, F i t t e d with a slow 
motion, drive i t was possible to obtain changes of 0.2: pF, 
which of course means a detectable change of 0,002 pF i n a 
specimen of capacity 0,2 to 0.8 pF. For capacities greater 
than 0.8 pF provision was made to switch standard capacitors 
i n p a r a l l e l with the variable capacitor. 
A Farnell low frequency o s c i l l a t o r was used as the 
source and a Dymar A.F. wave analyser as the n u l l point 
detector. 
ko5 The Specimen Mount. 
The specimen mount i s shown i n Figure i4-8.. The^  two 
spring loaded brass electrodes were insulated from the rest 
o f the mount by cylinders of t u f n o l several times thicker 
than the glass specimen to be measured. This minimised the 
chance of an imwanted conduction path appearing. 
The specimen was e f f e c t i v e l y held at the centre of a 
c y l i n d r i c a l copper box, one end of which was threaded f o r 
easy access. Although t h i s removable cap was d r i l l e d to allow 
c i r c u l a t i o n , the whole formed an excellent low temperature 
enclosure and ra d i a t i o n shield. This holder was suspended 
from an earthed brass plate by a stainless steel tube, the 
l a t t e r passing through the plate and being hard soldered 
i n t o place. The plate had an 0-ring groove such that the 
suspended holder could be encased i n a vacuum t i g h t glass 
P U A T E . . 
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tube. When not under vacuum the tube was held i n position by 
springs. Access f o r e l e c t r i c a l connections and thermocouple 
wires was via lead-throughs soldered int o the brass plate. 
Specimen temperature was measured by a copper/constantan 
thermocouple Junction situated inside the copper holder. The 
specimens were cut from the prepared rare earth doped glasses 
to the sp e c i f i c a t i o n Vs" x Vs'x ^ /6u" thick. 
As regards a satisfactory e l e c t r i c a l contact with the 
specimen, two methods were investigated. 
( i ) Evaporated Aluminium Contacts. 
A diagram of the evaporation vessel i s given i n Figure 
U.9. The glass evaporation vessel was made i n two sections. 
Glass/inetal seals provided vacuum t i g h t access fo r four /32 
diameter rods, two of which supported the specimen and the 
other two the tungsten wire filament. With the sections i n 
vacu\im t i g h t contact the vessel was evacuated to a pressure 
of 10~^ millimetres of mercury. The filament current was then 
gradually increased u n t i l the aluminium f o i l beads on the now 
white hot filament melted to form globules. A further small 
increase i n current caused a rapid evaporation of the molten 
aluminium. This stage was characterised by the s i l v e r i n g of 
the glass vessel i n the v i c i n i t y of the outlet to the 
d i f f u s i o n pump. The specimen was masked such that the aluminium 
vapour condensed to form a conducting spot, about v32 i n 
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diameter, on i t s s u r f a c e . 
( i i ) Aluminium F o i l Contacts. 
1 " 
Aluminium f o i l d i s c s , /8 i n diameter, were held i n 
con t a c t w i t h the specimen by the spring loaded e l e c t r o d e s . 
Measurements were made on a specimen f i t t e d with 
aluminium f o i l c o n t a c t s . Aluminium contacts were then 
evaporated onto t h i s same specimen and the measurements 
repeated. There was no n o t i c a b l e d i f f e r e n c e between the data 
obtained i n each case. Therefore, being the simpler method, 
f o i l c o n t a c t s were used throughout the s e r i e s . 
U.6 Experimental Method. 
Even though the specimens were stored i n a dehydrating 
environment i t was deemed necessary to take precautions 
a g a i n s t s u r f a c e moisture before each s e r i e s of measurements. 
T h i s was done with the specimen i n s i t u by warming under 
vacuum and f i n a l l y f l u s h i n g with dry helium gas. The 
presence of the helium gas had two important f u n c t i o n s : 
( i ) to ensure e f f i c i e n t heat exchange between the 
copper enclosure and the surrounding medium; 
( i i ) to prevent condensation at low temperatures. 
To minimise the temperature d i f f e r e n t i a l between the 
specimen and the thermocouple j u n c t i o n , due to t h e i r v a s t l y 
d i f f e r e n t heat c a p a c i t i e s , a small g l a s s bead was placed 
over the j u n c t i o n and temperature v a r i a t i o n s made as gradual 
28. 
as p o s s i b l e ( i n the order of 5 deg.min"^). Measurements 
below room temperature were obtained by g r a d u a l l y immersing 
the g l a s s tube surrounding the specimen mount i n l i q u i d 
n i t r ogen. The temperature f e l l at the p r e s c r i b e d r a t e to a 
minimum value of 87°K. At t h i s point the cooling medium 
was g r a d u a l l y removed and the measurements repeated as the 
specimen warmed to room temperature. The coolant was replaced 
by a container of L i s s a p o l which was warmed from room 
temperature to U60°K, the b o i l i n g point of L i s s a p o l , by a 
small bunsen burner flame. Measurements, made during t h i s 
temperature r i s e , were repeated as the specimen cooled to 
room temperature. The r e s u l t s were the same f o r both the 
heating and c o o l i n g run. 
ko7 R e s u l t s . 
The experimental data obtained i s shown g r a p h i c a l l y 
i n F i g u r e U.10 through to F i g u r e I4 .I7. I n each case i t i s 
presented i n the form s p e c i f i c r e s i s t a n c e , on a logarithmic 
s c a l e , a g a i n s t the r e c i p r o c a l of absolute temperature. Prom 
these curves i t i s c l e a r t h a t , f o r a l l the specimens 
examined, the s p e c i f i c r e s i s t a n c e i s a c c u r a t e l y given by 
the law 
I t W i l l be n o t i c e d however that i n every instance the 
g r a d i e n t decreases when the s p e c i f i c r e s i s t a n c e reaches a 
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11 value of 2 X 10 ohms. T h i s i s i n t e r p r e t e d as the formation 
of an a l t e r n a t i v e conduction path. As the specimen r e s i s t a n c e 
i n c r e a s e s i t w i l l e v e n t u a l l y become comparable with that of 
the i n s u l a t i o n i n the holder and the l a t t e r becomes 
s i g n i f i c a n t i n a r o l e of p a r a l l e l r e s i s t o r . The r e s i s t a n c e 
r e l a t i o n s h i p beyond t h i s point i s not r e p r e s e n t a t i v e of the 
specimen alone. 
The v a r i a t i o n of the a c t i v a t i o n energy, A and 
are shown i n Table i | . 1 . 
Ion 
Implanted 
A c t i v a t i o n 
Energy (eV) A ( A 
Soda G l a s s 
Standard 0.31 U.O X 10^ 6,3 X 10^ 
Pr3+ 0.39 6,3 X 103 1,2 X 10''° 
Na^+ 0.U3 6.3 X 102 1.1 X 10''° 
Sm^ -^  0.33 3.0 X 10^ 8,0 X 10^ 
Gd^+ 0.it2 2.1 X 10^ 1,U X 10''° 
Gd^ "^  (10%) 0oU3 1.1 X lo-' 1,1 X 10''° 
Dy^+ 0.U1 2.U X io3 1.i+ X 10''° 
Er^-^ 0.23 3.3 X 10^ 2.3 X 10^ 
Table U.I 
With the exception of erbium oxide the a c t i v a t i o n energy i s 
i n c r e a s e d by the a d d i t i o n of r a r e earth oxides to soda g l a s s . 
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One would expect a l i n e a r r e l a t i o n s h i p to e x i s t between the 
energy gap and the i o n i c r a d i u s of the specimens examined i f 
the main c r i t e r i o n i s one of an included ion impeding the 
sodium i on migration. F i g u r e i|.l8 shows the r e l a t i o n s h i p 
between a c t i v a t i o n energy and the r a r e earth elements 
t a b u l a t e d i n order of atomic number and Figure U.19 the 
r e l a t i o n s h i p between s p e c i f i c r e s i s t a n c e at 300°K and the 
r a r e e a r t h elements tabulated i n order of atomic n\imber. 
These curves are f a r from being l i n e a r and bear a d i s t i n c t 
resemblance to the i o n i c moment v a r i a t i o n across the 
l a t h a n i d e s shown i n Fi g u r e 5.8 of the magnetic s u s c e p t i b i l i t y 
s e c t i o n . Furthermore, i n c r e a s e d oxide concentration ( r e f , 
gadolinium oxide) does not i n c r e a s e the energy gap but leads 
to a decrease i n A . 
One might conclude that the magnetic s c a t t e r i n g i s 
p a r t l y r e s p o n s i b l e f o r the observed v a r i a t i o n s but i t i s not 
c l e a r 3ust how t h i s occurs f o r i o n i c current c a r r i e r s . The 
anomalous behaviour of the specimen containing erbium oxide 
i s without explanation. I t i s p o s s i b l e that the erbium i on 
takes p a r t i n the conduction process s i n c e i t i s the smallest 
of the ions examined and has an i o n i c r adius l e s s than that 
of Na"*". T h i s i s not r e f l e c t e d i n the c o n d u c t i v i t y of the 
specimen containing, dysprosium ions which have r a d i i 
comparable with those of the erbium ions. 
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As an extension of t h i s i n v e s t i g a t i o n one might suggest 
a comparative study of specimens containing gadolinium oxide 
and y t t r i u m oxide. T h i s would help to e s t a b l i s h whether or 
not a magnetic f a c t o r i s involved i n the c o n d u c t i v i t y by 
e l i m i n a t i n g the s i z e f a c t o r . F u r t h e r s t u d i e s on gadolinium 
oxide and others at concentrations l e s s than 5% should 
i n d i c a t e the growth of a magnetic c o n t r i b u t i o n . 
32. 
CHAPTER FIVE. 
MAGNETIC SUSCEPTIBILITY MEASUREMENTS. 
5.1 I n t r o d u c t i o n . 
I n 1895 P i e r r e Curie showed that substances containing 
permanent magnetic dipoles have a temperature dependent and 
f i e l d independent s u s c e p t i b i l i t y given by 
where T i s the absolute temperature and C i s c a l l e d the 
C u r i e constant. Substances that obey Cti r i e ' s law, a t l e a s t 
to a f i r s t approximation, are u s u a l l y c a l l e d normal para-
magnets, 
5.2 A T h e o r e t i c a l D e r i v a t i o n of C u r i e ' s Law. 
Suppose we have a volume of gas containing N para-
magnetic atoms per u n i t voltime, each with a permanent 
momentya. There w i l l be no net magnetisation of the gas 
because the moments are kept i n a s t a t e of random o r i e n t a t i o n 
by the thermal a g i t a t i o n of the gas atoms. I f a magnetic 
f i e l d i s applied the d i p o l e s w i l l tend to o r i e n t a t e themselves 
i n the d i r e c t i o n of the applied f i e l d . T h i s w i l l be opposed 
by the thermal a g i t a t i o n and complete alignment w i l l only 
be achieved at absolute zero. At any temperature above 
absolute zero a s t a t e of e q u i l i b r i u m i s reached between the 
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a l i g n i n g and d i s r u p t i v e elements. I n the c a l c u l a t i o n of M, 
the net magnetisation per u n i t volume i n the f i e l d d i r e c t i o n , 
i t w i l l be assumed that each dipole f e e l s only the applied 
f i e l d H i . e . , no dip o l e i n t e r a c t i o n . 
I n the f i r s t i n s t a n c e we w i l l a l s o assume that a l l the 
atoms a r e i n t h e i r ground s t a t e c h a r a c t e r i s e d by J , the 
angular momentum quantum number. T h i s i m p l i e s that, compared 
w i t h the thermal energy kT, the J s t a t e s are widely spaced; 
that i s E j / - E j ) ^ kT. The permanent atomic magnetic 
moment can have the components Mj.g.yUg i n the f i e l d 
d i r e c t i o n , where Mj = J ( J r- 1) , - ( J - 1), - J , and 
each d i p o l e a p o t e n t i a l energy - Mj.g.yUg.H. Then, the number 
of atoms with a p a r t i c u l a r o r i e n t a t i o n w i l l be given by the 
Boltzmann f a c t o r g^^'^'/^B'V^T. We then get 
M = N. f j J ^ 
e*^J°®V^B-VkT. 
— J 
For magnetic f i e l d s produced i n the laboratory 
%'Sy-^B'^/kT ^ 1 and the above equation may be w r i t t e n 
u ^ . Mj.g.y^g.H/j^^) 
M = Nog./A^ : : J ^ 
r (1 + Mjog.yUg.H/j^y) 
3k. 
Now terms of the type ^ = 0, whereas , 
- J 
+J +J o 
^ 1 = 2J + 1 and ^ M^  = J ( J + ^)(2J + 1) 
- J - J *^  3 
We then get 
M = N g % ( J + 1:)/ABH 
3kT 
so t h a t the s u s c e p t i b i l i t y i s 
X = "ggjcj ^  
= ^ (3) 
3kT 
, =!lhM- (.) 
3kT 
where the e f f e c t i v e number of Bohr magnetons i s given by 
3 e f f = e L J ( J + * (5) 
= (6) 
C u r i e ' s law i s obtained from equation ( 3 ) , often r e f e r r e d 
Iff J l X ^ 
to as the H\ind expression, with C = / /3k, 
I f we now consider the case where the spacing i s of 
the same order as kT there w i l l be an a d d i t i o n a l 
c o n t r i b u t i o n to the s u s c e p t i b i l i t y due to thermal e x c i t a t i o n 
i n t o the higher l e v e l s . The atoms with a c e r t a i n value of J 
w i l l s t i l l c o n t r i b u t e to the s u s c e p t i b i l i t y according to 
equation ( 2 ) , The t o t a l s u s c e p t i b i l i t y w i l l be obtained by 
3% 
summing over a l l the atoms i n d i f f e r e n t s t a t e s . The number 
of atoms w i t h a given J value w i l l be proportional to the 
Boltzmann f a c t o r and the degree of degeneracy of the l e v e l , 
t h a t i s (2J+1). We then get 
2.(2J+l)e'^^'^VkT 
T h i s a d d i t i o n a l c o n t r i b u t i o n i s c a l l e d the second order 
Zeeman or Van Vleck paramagnetism c^Cjj]) and i s temperature 
independent at low temperatures. 
E ( J ) i s the s e p a r a t i o n between the I'evels with 
No(.(J) = ^ B 
6(2J+1) 
F(J+1) P ( J ) 
where B j ^ ^ and E j represent the energies of the J+1 and 
J l e v e l s and 
P ( J ) = ^ [(S*L+1i)2 _ j 2 j | ^ j 2 _ (s-L)2] 
The e x i s t e n c e of t h i s c o n t r i b u t i o n has been observed 
experimentally i n the case of Eu^ "*" and Sm-^"*", 
I n a c r y s t a l l a t t i c e the e l e c t r o s t a t i c f i e l d of the 
ions surrounding a r e f e r e n c e r a r e earth atom can remove the 
degeneracy of the (2J+1) f o l d degeneracy of a given J s t a t e 
as a l s o can the s p i n o r b i t coupling e f f e c t s . I n the case of 
r a r e e a r t h ions t h i s l a t t e r i n t e r a c t i o n i s appreciably 
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g r e a t e r than the c r y s t a l f i e l d i n t e r a c t i o n and t h i s leads 
to two important consequences: 
( i ) t hat, u n l i k e the ions of the d - t r a n s i t i o n 
elements, J i s a good quantum number; 
( i i ) that the c r y s t a l f i e l d i n t e r a c t i o n may be 
t r e a t e d as a perturbation. 
T h i s a l l o w s the eigen values and eigen func t i o n s , and hence 
the magnetic moments a s s o c i a t e d w ith a 1+f ion i n a given 
environment to be c a l c u l a t e d i n a straightforward manner.(15) 
The nature of the ground s t a t e and of the c r y s t a l 
f i e l d s p l i t J l e v e l depend upon the magnitude of the various 
components of the c r y s t a l f i e l d and r e f l e c t s d i r e c t l y the 
symmetry of the c r y s t a l l i n e l a t t i c e . 
I n a g l a s s , where a given impurity atom may f i n d 
i t s e l f i n one of s e v e r a l environments, the d e t a i l e d i o n i c 
behaviour of an atom w i l l be p e c u l i a r to i t s p a r t i c u l a r s i t e . 
Consequently, a n a l y s i s of the s u s c e p t i b i l i t y - temperature 
r e l a t i o n s h i p of such g l a s s e s may be complicated. I t i s 
perhaps worth mentioning at t h i s point that t h i s m u l t i p l i c i t y 
of s i t e s , and consequently the m u l t i p l i c i t y of c r y s t a l f i e l d 
s p l i t l e v e l s a s s o c i a t e d with these s i t e s , w i l l give r i s e to 
a much more complex o p t i c a l spectrum f o r a given ion than 
one would observe f o r i t i n a c r y s t a l l i n e environment and 
a l s o to a more complicated e l e c t r o n s p i n resonance spectrum. 
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These two p r o p e r t i e s have been examined during t h i s study 
and w i l l be d i s c u s s e d i n a l a t e r s e c t i o n . 
I f the i n d i v i d u a l r a r e e a r t h ions are capable of a 
cooperative magnetic i n t e r a c t i o n then t h i s w i l l lead to a 
mo d i f i c a t i o n of the C u r i e law and the s u s c e p t i b i l i t y w i l l 
be of the form: 
T - e 
where 6 i s the paramagnetic Curie point. 
Such i n t e r a c t i o n s are p o s s i b l e between r a r e earth ions 
only through an i n d i r e c t exchange, f o r example, the R.K.K.Y. 
i n t e r a c t i o n , (16) super exchange or double exchange. The 
absence of conduction e l e c t r o n s i n a g l a s s prevents the most 
commonly known i n d i r e c t exchange mechanism, the R.K.K.Y. 
i n t e r a c t i o n , from making any c o n t r i b u t i o n to the magnetic 
behaviour. Since the energy a s s o c i a t e d with the other 
i n t e r a c t i o n s i s g e n e r a l l y very small one can a n t i c i p a t e that 
the C u r i e temperatures, i f any, f o r r a r e earth containing 
g l a s s e s w i l l a l s o be sm a l l . 
I n t h i s study the temperature dependence of the 
magnetic s u s c e p t i b i l i t i e s of the doped g l a s s e s p r e v i o u s l y 
d e s c r i b e d was measured by the normal for c e method. (17) 
B r i e f l y , t h i s method invo l v e s suspending a specimen from one 
arm of a microbalance by a quartz f i b r e and recording the 
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v a r i a t i o n i n apparent weight f o r various temperatures when 
the specimen i s placed i n a f i e l d gradient. 
5.3 The Su s c e p t i b i l i t y Balance. 
A diagram of the s u s c e p t i b i l i t y balance i s shown i n 
Figure 5o1. With the specimen and a n c i l l a r y apparatus i n 
po s i t i o n the beam ride r s were adjusted to achieve a balance. 
Under such balanced conditions the l i g h t reflected down to 
the beam mirror by the quartz prism i s returned to equally 
il l u m i n a t e two photoelectric c e l l s of a servo-balance 
mechanism. This causes equal currents to flow i n the loud-
speaker magnet c o i l s situated at each end of the beam and 
hence the balance i s not disturbed. As the specimen reacts 
to the f i e l d gradient the beam moves out of i t s horizontal, 
balanced, position thereby a l t e r i n g the c e l l i l l u m i n a t i o n 
and causing unequal currents i n the beam magnets. The 
c i r c u i t r y involves a classical servo-amplifier operating 
so that the magnitude and d i r e c t i o n of the c o i l current i s 
continuously adjusted to maintain a balance. 
3ok The Specimen Mount. 
A diagram of the specimen mo\int i s shown i n Figure 5.2, 
The suspended specimen was surrounded by a glass tube 
capable of maintaining a vacu\im although, during t h i s series 
of experiments, i t was f i l l e d with dry helium gas. As 
mentioned previously the presence of the gas not only 
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prevents condenBation at low temperatures but also provides 
a heat transfer medium between the specimen and the 
surrounding l i q u i d nitrogen. A copper - constantan thermo-
couple junction was introduced through the bottom of the 
tube to a posit i o n immediately below the specimen. This 
junction was again capped by a glass bead. 
5.5 The Power Supply. 
The power supply f o r the solenoid was a Brentford 
s t a b i l i s e d D.C. Power Unit giving a maximum D.C. output of 
25OV, 3OOA. Adjustment of t h i s output was done via a remote 
control u n i t s i t e d beside the s u s c e p t i b i l i t y balance. 
5.6 The Solenoid. 
The solenoid consisted of a stack of f l a t c o i l s of 
copper s t r i p separated from each other by insulating spacers 
mounted on a central tube. The c o i l s are e l e c t r i c a l l y 
connected. A watertight casing allowed forced c i r c u l a t i o n 
of deionized cooling water. The f i e l d produced was linear 
w i t h current, giving 1+2 oersteds per ampere at the centre 
of the solenoid. F i e l d gradient c o i l s , mounted on a brass 
tube, were situated i n the central tube of the solenoid and 
supplied, via a rheostat, by the 2k v o l t D.C. bench supply. 
The solenoid and f i e l d c o i l s were raised and lowered from 
the operational position by a l i f t i n g platform. 
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5.7 Experimental Method. 
The glass tube enclosing the suspended specimen was 
evacuated and f i l l e d with dry helium gas. 
As a preliminary to the s u s c e p t i b i l i t y measurements 
i t was necessary to centralise the specimen i n the solenoid. 
This was achieved by ra i s i n g the solenoid incrementally and 
recording the balancing current supplied by the servo-
mechanism. This current was measured on a Scalamp D.C. 
microammeter. The l i f t i n g platform was then clamped into 
the p o s i t i o n requiring maximum current at room temperature. 
o 
The specimen was cooled to 8Ij. K by a surrounding 
polystyrene dewar f i l l e d with l i q u i d nitrogen. Polystyrene, 
being porous, made a most satisfactory container i n that 
the nitrogen could slowly leak away a f t e r the minimum 
temperature had been reached thereby allowing only a gradual 
re t u r n to room temperature. The solenoid power u n i t was set 
to give a st a b i l i s e d voltage supply of 95V, 120A. As the 
specimen gradually warmed to room temperature the magnitude 
of the balancing current, again measured on a Scalamp D.C. 
microammeter, was recorded at various temperat\ires i n the 
range 8U°K to 291° K. 
I t was found tha t , of the prepared specimens, only 
those containing 10?? GdgO^, b% GdgO^, % DrgO^ and % ErgO^ 
caused measurable balancing currents. The data obtained 
ku 
using a pure GdgO^ specimen was used to calibrate the 
apparatus. 
5,8 Results. 
The data obtained f o r t h i s series of measurements i s 
shown graphically i n Figure 5.3 throTigh to Figure 5.7. 
P.W. Selwood i n his book "Magnetochemistry" (18) gives 
the s u s c e p t i b i l i t y of gadolinium oxide, at 293*^ K, as being 
135 X 10 emu.g . Using t h i s f igure i n conjunction with the 
observed results f o r gadolinium oxide, shown graphically i n 
Figure 5.3j i t was possible to evaluate a c a l i b r a t i o n 
constant f o r the apparatus as follows: 
dH^ 
A I = k.H . .m.X z dz 
where /\I represents the restoring current, 
Hf the applied f i e l d , z 
^^z the f i e l d gradient, 
dz 
m the mass of the specimen, 
"X, the s u s c e p t i b i l i t y , 
and k i s a pr o p o r t i o n a l i t y constant. 
Also, under the experimental conditions imposed 
dH„ 
k. H . — r ^ . = k' (the c a l i b r a t i o n constant) 
Z CLZ 
Thus A I = k'.m. X from which k' may be evaluated given 
that X ( 2 9 3 ) 
-3 
m = 67 X 10 g. 
-b -» 
= 135 X 10 emu.g , A l = 335.6mm and 
k* = 37x10 mm.emu 
U2. 
The Curie - Weiss constant and the effective Bohr magneton 
number f o r each of the specimens examined can now be 
calculated. 
For example, i n the case of the gadolinium oxide (3%) 
containing specimen 
( 1 / ^ ) = ( V A T ) • 
/ A-200 ^'^ 200 
= 87.95 X 10"^  g.emu 
and (1/.V ) = 38.80 X 10^ g.emu"'. 
^-^100 
A T 
Curie constant (C) = — — = 2.0U x 10 K.emu.g . 
As shown by equation 6 i n the introduction to t h i s section 
15 e « - ' ^ ^ ^ -'^'^ ^ * 
= 2.82+ ( 2.0i+ X 10'^x 20 X ^  ) ^ 
the Curie constant now being i n terms of 1 mole of gadolinium 
oxide as opposed to 1 gramme of glass. 
Thus p = 7.7^3. 
By t h i s method the Curie - Weiss constant and the effective 
Bohr magneton number were calcula.ted f o r each of the specimens 
examined. These parameters are tabulated along with the 
paramagnetic Curie points i n Table 5 .1. 
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The specimens containing gadolinium ions lead to an effective 
Bohr magneton number which i s i n good agreement with values 
quoted (19) f o r pure gadolinium oxide but l i e s somewhat 
below the t h e o r e t i c a l number calculated from the appropriate 
equations of Van Vleck on the basis of free ions. 
The results obtained f o r the dysprosium oxide doped 
specimen show that the Bohr magneton number associated with 
the dysprosium ion i s of the same order of magnitude as the 
ionic number. I t i s however, s i g n i f i c a n t l y greater than 
values quoted f o r pure dysprosium oxide. 
The number associated with the erbium ion i n the erbium 
oxide doped specimen would indicate that a considerable 
amount of quenching has taken place as a result of the 
' c r y s t a l l i n e ' e l e c t r i c f i e l d i n the glass structure. 
I t w i l l be shown l a t e r that o p t i c a l properties 
indicate a s i g n i f i c a n t l y greater contribution to the opt i c a l 
absorption l i n e widths, arising from a v a r i a t i o n i n 
' c r y s t a l l i n e ' e l e c t r i c f i e l d w i t h i n the specimen, i n the 
case of specimens doped with erbium oxide and gadolinium 
oxide than the dysprosium oxide doped specimen. I t i s asstimed, 
at t h i s point, that the effect of the ' c r y s t a l l i n e ' e l e c t r i c 
f i e l d on s u s c e p t i b i l i t y i s less f o r the dysprosiiim ions 
than f o r the others. 
Since the gadolinium ion i s i n an S state, and 
therefore spherically symmetrical, i t w i l l be r e l a t i v e l y 
i nsensitive to even the most intense c r y s t a l l i n e f i e l d s and 
hence the observed paramagnetic behaviour i s comparable with 
that of the oxide. The included gadolinium ion w i l l , 
therefore, give l i t t l e information about the electronic and 
s t r u c t u r a l properties of the glass. 
The erbium ion, however, i s i n a ^ I ^ state and w i l l 
2 
be considerably influenced by c r y s t a l l i n e f i e l d s p l i t t i n g 
of the J states and one can expect changes i n the magnitude 
of the ground state moments of at least that shown i n Table 
5o1o 
Using the data obtained i n o p t i c a l experiments i t i s 
t h e o r e t i c a l l y possible to evaluate t h i s s u s c e p t i b i l i t y 
provided one i s able to f i n d a means of representing the 
glass matrix i n a way which i s suitable f o r c r y s t a l l i n e 
f i e l d calculations. 
Time has made t h i s approach impossible during the 
course of t h i s research but work i s continuing along these 
l i n e s . 
U5. 
CHAPTER SIX. 
OPTICAL ABSORPTION SPECTRA.. 
6.1 Introduction. 
To r e i t e r a t e , one may regard a non-crystalline solid 
as one i n which there i s a short range order without the 
long range order of crystals. Thus, the short range 
environment of each rare earth ion i n the soda glass w i l l 
approximate to a c r y s t a l l i n e environment, but the environment 
i s d i f f e r e n t f o r each ion. This heterogeneity of ionic 
environment can usually be described as a d i s t r i b u t i o n of 
d i f f e r i n g environments about an "average" environment. 
Furthermore, the results obtained i n t h i s section would 
indicate that t h i s "average" environment i s that of the 
oxide single c r y s t a l . The absorption spectra to be expected, 
therefore, must basically be that of the rare earth oxide 
single c r y s t a l modified by the heterogeneity of environment. 
This modification arises from s l i g h t variations i n the 
magnitudes of the c r y s t a l - f i e l d parameters. The energy-
l e v e l s h i f t s f o r ions i n d i f f e r e n t environments w i l l lead 
to changes i n the t r a n s i t i o n wavelength from ion to ion. 
This s i t u a t i o n produces a broadening of the single spectral 
l i n e found i n the oxide c r y s t a l . 
With the exception of NdgO^, a review of the l i t e r a t u r e 
revealed l i t t l e information regarding the absorption spectra 
of the rare earth oxides. Consequently, since the preparation 
and examination of single crystals i s beyond the scope of 
t h i s research, the neodymium oxide doped glass was the only 
one of those prepared to be examined i n t h i s section. 
6.2 Experimental Method, 
The absorption spectrum of a neodymi\un oxide doped 
specimen, polished to transparency, was obtained using an 
Optica Recording Grating Spectrophotometer. 
6.3' Results« 
Figures 6.1a, 6.1b, and 6,1c show graphically the 
transmittance of the specimen as a function of the wavelength 
of incident radiation. Using the same horizontal scale the 
l i n e spectrtim of single c r y s t a l NdgO^ (20) has been plotted 
f o r comparison. Despite the reasonably low (2 A) resolution 
of the instrument used, i t i s possible to correlate the two 
spectra. 
As predicted, the several f i e l d s p l i t t i n g s , 
c haracteristic of an inhomogeneous environment, give r i s e 
to spectral broadening and each family of lines i n the 
single c r y s t a l spectrum appears; as a band. There also appears 
to be a s h i f t i n absorption towards a lower wavelength. 
There i s a great s i m i l a r i t y between the o p t i c a l 
U7. 
properties of neodymium oxide doped glass and the pure oxide 
c r y s t a l . This would indicate that the Nd-' ion locates i n 
only one average environment s i t e i n glass mirroring the 
fa c t that there i s only one kind of Nd^"*" ion s i t e i n 
neodymium sesquioxide having a point group symmetry of C^ .^ 
I t i s perhaps not unreasonable to conclude from these 
observations that any rare earth ion locates i n an environment 
i n glass much l i k e the environment i t has i n i t s crystal 
form. 
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CHAPTER SEVEN. 
ELECTRON SPIN RESOWAKCE. 
7o1 Introduction. 
I t was pointed out i n the introduction to t h i s thesis 
t h a t , i n the past, most glass studies were concerned with 
bulk properties such as viscosity, density, thermal 
conductivity etc. Physical techniques that reveal something 
of the electronic structure have only become common i n 
recent years. Some of these techniques have been discussed 
i n previous sections. 
One of the most powerful of the newer physical methods 
i s electron spin resonance. The primary requirement i s that 
the substance to be investigated must contain unpaired 
electron spins. For the present investigation a simple soda 
glass doped with gadolinium oxide has been selected f o r study. 
Details of the specimens prepared are given on page 5 3 . 
The rare earths comprise atomic numbers 57 - 71 and, 
as we have seen, contain from 1 to 1U electrons i n the l+f 
s h e l l . We also know that a l l the ions of t h i s group, except 
the end members lanthanum and lutetium, are paramagnetic and 
any of these can be introduced into a glass as a probe f o r 
E.S.R. studies. Eu^ "*" and Gd^"*" have zero o r b i t a l angular 
i+9. 
momentum and are consequently very a t t r a c t i v e f o r E.S.R, 
studies. Since the 1+f electrons are highly localized they 
cannot i n t e r a c t with t h e i r surroundings v i a the usual spin-
o r b i t i n t e r a c t i o n and thus the resonance lines re s u l t i n g 
from these ions are r e l a t i v e l y narrow and s u f f i c i e n t l y intense 
to be seen at room temperatxire. The rest of the rare earth 
ions have wider lines and i t i s necessary to reduce the 
temperature to at least 1+ K to observe them. 
Many E.S.R. studies have been done on radiation 
damage i n glass, (21) but r e l a t i v e l y l i t t l e has been done by 
way of substituting magnetic impurity ions i n a glass and 
studying t h e i r resonances. 
The f i r s t E.S.R. study of t r a n s i t i o n metal ions i n 
glasses was done by Sands (22) who studied some 3k soda-
l i m e - s i l i c a glasses. Almost a l l of his samples had resonances, 
which he could not explain, at g = 6.0 and g = U.2. Castner 
et a l (23) assumed c r y s t a l f i e l d effects to be dominant i n 
t h e i r study of i r o n i n soda glass and used a spin Hamiltonian 
analysis to obtain an isotropic g value of U.28. This 
suggested that the resonances observed by Sands were due to 
impurity Fe^ ions. 
Chapeleva et a l (2U) put gadolinium into a TlgSeASgSe^ 
chalcogenide glass and found prominent spectral features at 
g = 2.0, g = 2.7 and g = 5.9 but offered no theoretical 
50. 
explanation other than that each resonance was caused by 
a strong c r y s t a l f i e l d i n three d i f f e r e n t s i t e s . Griscorn 
et a l (25) studied Mn^"*" i n both glasses and c r y s t a l l i n e 
compounds of the l i t h i u m borate system and concluded that 
the manganese sites i n the glasses were probably randomly 
di s t o r t e d versions of the s i t e i n the LigOBgO^ compound. 
The purpose of the present study i s to investigate 
the E.S.R. spectra of the Gd"^"*" ion i n the soda-silica glass 
system at room temperature. The spectra are interpreted with 
the aid of a spin Hamiltonian, given by Ni c k l i n , (26) i n 
the form: 
0-Csy^ 6 H g S.+ D(s2 - -13(8 + 1)) + E(S^ - S^ 
The a n a l y t i c a l results are given i n a form which allows 
them to be used i n i n t e r p r e t i n g 3 = ^ 2 spectra such as 
those described i n t h i s section. 
7,2 The Resonance Condition. 
Many substances such as organic free radicals, impurity 
doped semiconductors, radiation damaged solids and diamagnetic 
solids containing small amounts of t r a n s i t i o n series ions 
contain impaired electrons and are thus suited to the E.S.R. 
technique. I n p a r t i c u l a r , most of the theory of paramagnetic 
resonance i n solids was developed from studies of i r o n and 
rare earth group ions which were substituted f o r 0.1% to 
1.0% of the metal ions i n diamagnetic salts. This low 
51. 
concentration of paramagnetic ions allows them to be treated 
' as non-interacting (with each other) and hence they become 
probes w i t h which to study the lo c a l e l e c t r i c f i e l d s produced 
by the non-magnetic surroundings. 
The energy of a magnetic m o m e n t i n a magnetic f i e l d 
H i s 
E = -J^. H 
We also have that the magnetic moment of an ion i s 
proportional to i t s t o t a l angular momentum so thatyUL«>< K.J. 
or yu. = -gy^B J. = -^.h.J-
- 2mc • 
where J^^. i s the Bohr magneton. 
Thus the Zeeman Hamiltonian f o r a free ion can be 
w r i t t e n as 
X= gyU&.H.J. 
I f , f o r example, we l e t H = H^ k and use the angular 
momentum functions jj, m^ , then 
= gy^& H^ m I J, m> 
and En> = < J, ni| OCz) J, ni)> = gy^B-H^m. 
are the elctronic Zeeman energy levels f o r the free ion. 
Now suppose f o r s i m p l i c i t y that J = v/e then have two 
energy levels t - with the energy separation 
z 
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the ion can be caused to undergo a t r a n s i t i o n from the state 
E *o state E +^ exposing i t to electromagnetic 
r a d i a t i o n of frequency^ , Then we have 
h ^ = AL = gyU^H^ 
This i s the basic resonance r e l a t i o n and shows that the 
f i e l d and frequency are proportional. I t i s customary to 
define 
where g^^.^ i s the ef f e c t i v e g value and can be used to 
describe any resonance, whether or not the magnetic ion i s 
a free ion or i s incorporated int o a s o l i d . I n the free ion 
case ggff. = gj^j the Lande g, but i n a s o l i d , g^^^ has 
no simple o r i g i n because of the complex interactions between 
the paramagnetic ion and i t s surroundings. 
Electron spin resonance i s useful for studying the 
lowest energy levels of an ion, and i t turns out that the 
s p l i t t i n g s of these levels correspond to frequencies i n the 
microwave region (10^ to 10^^ Hz) so that on the frequency 
scale the region i s above nuclear magnetic resonance and below 
in f r a - r e d spectroscopy. I n p r i n c i p l e , the experiment could 
be performed by either varying the frequency of the radiation 
while holding the f i e l d at a fixed value, or by holding the 
frequency fixed while sweeping the f i e l d . The l a t t e r method 
i s alipost always used because most microwave o s c i l l a t o r s are 
53. 
essentially f i x e d frquency devices. 
The resonance signal contains components in-phase and 
out-of-phase with the incident radiation so that a complex 
s u s c e p t i b i l i t y can use f u l l y be defined such that 
X = X'- A.X" 
The dispersion component i s in-phase and the absorption 
i s out-of-phase. The experimental apparatus can be 
adjusted to detect either component although i n t h i s study 
only the absorption component was obtained. 
7o3 The Specimens. 
I n the present study four specimens were selected f o r 
examination. They were: 
( i ) soda glass; 
( i i ) soda glass doped with 5% (by weight) 
gadolinium oxide; 
( i i i ) soda glass doped with 10% (by weight) 
gadolinium oxide; 
( i v ) pure gadolinium oxide. 
An X-ray powder pattern showed that d e v i t r i f i c a t i o n had not 
occurred during the preparation of the doped glass specimens. 
7.U Experimental Method. 
A set of resonance spectra were taken with an X band 
(9.8 GHz) microwave r e f l e c t i o n spectrometer at room 
temperature. 
54. 
7,5 Results. 
The absorption spectra obtained are shown i n Figures 7,1 to 7,3, 
each being the average of six traces. I n the case, of the undoped soda glass 
there i s zero absorption but f o r the remainder an appreciable absorption 
i s apparent over a 6,000 gauss f i e l d range. The prominent feature i s a 
broad asymmetrical peak at g = 2 ,^0. Furthermore, this peak broadens nith 
increased gadolinium concentration u n t i l , with the pure oxide specimen, 
an almost featureless trace i s obtained. The reason f o r t h i s broadening 
i s not clear at present but a contributory factor i s almost certainly 
the dipole - dipole interactions present a t the concentrations used. 
I n addition to t h i s most obvious feature there i s a peak at g = 5«4-0 with 
a h i n t of another peak at approximately g = 2,88. 
The calculated energy levels f o r the Hamiltonian given on page 50 
are shown graphically i n Figure 7,5 f o r X = /D = 0,3. The three diagrams 
are f o r the external H f i e l d taken to be along the x, y and z directions. 
The l e f t side of each diagram corresponds to the strong Zeeman case, with 
eight equally spaced energy levels. The r i g h t side of each diagram 
corresponds to the strong crystal f i e l d case, with four pairs of energy 
l e v e l s . The energies are i n units ofyUg,H so that 
= 2 . 0 0 
= 2 .88 
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the e f f e c t i v e g value f o r a t r a n s i t i o n i s given d i r e c t l y by 
the difference of the two levels involved. The levels are 
considered to be labelled 1 to 8 from highest energy to 
lowest energy, s t a r t i n g at the l e f t hand side of each 
diagram. This l a b e l l i n g i s carried through for a l l values of 
cr y s t a l f i e l d strength. Thus, f o r example, l e v e l 3y drops 
below l e v e l Uy i n the region around ^^ U£,H*. = 0.75 and then 
crosses l e v e l 1+y again at ^^ Ug^ H =1.13 and remains above 
l e v e l ky as ^^ Ug,H increases. 
As mentioned e a r l i e r , the energy levels given i n Figure 
7.5 are i n units of/U^H so that the difference between levels 
gives the e f f e c t i v e g value f o r the t r a n s i t i o n d i r e c t l y . 
Since we have, by d e f i n i t i o n 
h-O = g^ UfcH 
the r e s u l t s of the calculations can be summarized on a single 
graph derived from the energy levels. This i s done by 
e f f e c t i v e l y normalizing the c r y s t a l f i e l d and Zeeman f i e l d 
by d i v i d i n g ^^g,H and g^ by the effective g. 
This gives 
f o r the abscissa and ^o/g for the ordinate. This essentially 
p l o t s the magnetic f i e l d at which a t r a n s i t i o n occurs on 
the v e r t i c a l axis increasing from 0 versus c r y s t a l f i e l d 
strength on the horizontal axis. This i s shown i n Figure 7.6. 
56:. 
An additional scale which gives g d i r e c t l y has been included. 
By f i t t i n g the experimental data to t h i s family of 
graphs the appropriate value of ^/h"v) i s 0.21 f o r the 
microwave frequency used. This gives c r y s t a l f i e l d parameters 
D = 2o06 and E = 0.62. 
The g = 2 resonance i s caused hy 2 - 3y, k - 5y, and k - 5z 
t r a n s i t i o n s . The feature at g = 2.88 i s caused by 5 - 6y and 
3 - Uz t r a n s i t i o n s and the g = 5.U resonance apparently 
comes from the 6 - 7y t r a n s i t i o n and a 2 - 3z t r a n s i t i o n 
could cause the low f i e l d side "broadening of t h i s peak. The 
t r a n s i t i o n s 2 - 3y, 3 - Uy, 5 - 6z, 1 - 2x and 7 - 8x 
account f o r the featureless t a i l on the high f i e l d side of 
g = 2 since they are d i s t i n c t l y non-stationary with respect 
to ^y^H. 
The comparison drawn i n Table 7.1 shows a close 
re l a t i o n s h i p between the results obtained i n t h i s research 
and those published by N i c k l i n i n 1967. 
-0 
(GHz) 
Effective g values 
of features 
This research 9.30 2.0 2.88 5.U0 
L i t e r a t u r e 9.81 2.0 2.82 5.89 
Table 7.1 
Erratum: I n FIG. 7.5 f o r readyUe, H. 
® 
5 
oO 
O. 0.1 0.2 0.3 0.4 0.5 O.6. 
THIS Llise, AT D/hv) = 0.'21, LOCATES 
THE PRINCIPAL FEATURES OF A 
TYPICAL X -BAND SPECTRUM. 
HG. 7.6 
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Thus, using the spin Hamiltonian previously quoted, we have 
accounted f o r the major spectral features of the Gd^"*" ion 
i n surroundings where the effect of the c r y s t a l f i e l d 
cannot be treated as a perturbation except at very high 
microwave frequencies. 
7.6 The S i t i n g of the Gd^"*" ion i n a Glassy Structure. 
The size of the Gd-^  ion and i t s coordination number 
of 6 or 8 with oxygen precludes i t s substitution f o r s i l i c o n 
i n the tetrahedra. This means that the ion must seek a 
posi t i o n i n the space l e f t by the s t r u c t u r a l s i l i c a 
tetrahedra. 
Electron microscopy work (30) has shown that there are 
regions i n LiOg - SiOg glasses that are l i t h i u m r i c h . This 
pi c t u r e of heterogeneity, applied to soda glass, would 
suggest regions where a l k a l i ions concentrate i n the s i l i c o n 
poor regions of the structure. N i c k l i n suggests that the 
Gd-^ ions f i t themselves i n t o the spaces created between 
these more complex a l k a l i r i c h structures. As evidence he 
site s the fact that a specimen containing only s i l i c a and 
gadolinium oxide exhibits only a weak resonance at g = 5 and 
a very broad smear of absorption i n t e n s i t y . This indicates 
that the ion i n these surroundings experiences very strong 
c r y s t a l f i e l d e f f e c t s , with such a range of distortions that 
only an energy l e v e l s i t u a t i o n that can give r i s e to an 
58. 
isotropic g value could give a resolvable peak. On the other hand, the 
addition of even 0.5% NagO (^ Na* : IGd^*) changed the spectra 
dramatically and i t i s evident that, although the pattern i s s t i l l very 
broad, the Na* ions must be responsible for a more definite crystal f i e l d 
3+ 
strength at the .Gd sites. Since this behaviour persists even though 
the rati o /Gd?'^ is reduced to Vs one is lead to the conclusion 
that regions of Na* ion concentration must exist i f the spectra are to 
remain unaffected by the variation. I t would appear that the Gd^ * ion 
seeks out sites that provide i t with a reasonably uniform crystal electric 
f i e l d which, i n the case of the base glass used i n this investigation, 
must l i e between the a l k a l i rich regions i n the structvire. 
In order to understand the resiilts described i n this and the 
previous section, i t i s desirable that similar studies be made of 
gadolinium ions dispersed i n an insulating single crystal matrix. The 
most closely related material which might be used for this purpose would 
appear to be 
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CONCLUSION. 
As a re s u l t of these measurements i t i s clear that,for 
a future study of glass systems using rare earth probes, 
experiments involving either o p t i c a l or E.S.R. measurements 
w i l l provide most information about the glass matrix. Once 
t h i s has been done i t should be possible to use the 
information so derived to calculate theoretical values of 
s u s c e p t i b i l i t y f o r comparison with results of the type given 
i n Chapter Five, 
The e l e c t r i c a l conductivity, whilst being of great 
i n t e r e s t , i s less l i k e l y to provide d i r e c t s t r u c t u r a l 
information since i t s value depends upon so many parameters. 
However, the apparent dependence of the r e s i s t i v i t y 
behaviour on the ionic moment of the dissolved ions i s 
extremely i n t e r e s t i n g and requires further investigation 
along the lin e s indicated i n Chapter Four, 
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APPEiron I . 
CHEMICAL ANALYSIS OF THE SODA GLASS USED IN THE ST=^ .niMEM PREPARATION. 
Si02 
AI2O3 
MgO 
CaO 
BaO 
Na^ O 
PbO 
70.78 
2.36 
2.36 
4.95 
11.76 
16,40 
li.60 
0,10 
Nil 
Fe 
Mn 
Ti 
Cu 
Trace 
This quantitative analysis was carried out by Mr.J, Sanderson at the 
Bri t i s h Steel Corporation (Conaett) laboratories using standard wet 
chemical techniques. 
c 
c. 
— r L.2 (r\^ 
z. 
THE A.C. e)R\DGE. TRANSFORMAT\ONS. 
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APPENDIX I I . 
THE BALANCE CONDITIONS FOR THE A.C. BRIDGE. 
The c i r c u i t of the A.C. bridge used to obtain the. 
r e s i s t i v i t y measurements of Chapter Four i s shown on the 
previous page. 
I t i s not possible to derive the balance conditions 
easily, by the use of Kirchoff's Laws, since the algebraic 
equations become somewhat cumbersome. By applying the 
star - delta transformation method however, the balance 
re l a t i o n s may be readily obtained. 
The star - delta transformation states that any three 
terminal impedance network of the star form 
may be re w r i t t e n i n the delta form i n which 
the impedances are given by the equations 
Z. = 
Zo = 
z, = 
Vc^z^ + Zg + 
z.z^(^ + f * f ) 
^ ° ^ A B^ C^ 
J 
A..1 
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APPENDIX I I (contd.) 
Conversely the reverse transformation may be obtained 
with the re l a t i o n s : 
A^ = 232/(2^ + + Z3) ^ 
Zg = Z^Zg/CZ^ + Zg + Z^) \ A. 2 
C^ = ZgZy^^^l + 2^ ^3^ ^ 
Using these transformations, the balance conditions 
are easily found. I n the Figure showing the A.C. bridge 
transformation, the step a to b i s carried out using the 
equations A.I and gives that 
2^ = W i 3 ^ ^ 2 ' ^ 1 ^ 
Z3 = ^^^2^^^ + Rg 
The c i r c u i t may then be redrawn as i n c, where 
= Z / ( 1 + dwC^Z^) 
Zg"" = ZgR/CR + Zg + D^CRZg) 
Using the A.2 equations f o r the step c to d we then have: 
= z^^Z3^(z/ + Zg^ + 23^) 
Sg = z^^z^Uz^^ + Zg"" + Z3'') 
S3 = Z^^Zg^Z^^ + Zg^ + Z3^) 
63. 
APPENDIX I I (contd.) 
Now figure d of the A.C. bridge transformations i s a 
simple Wheatstone network f o r which the balance condition i s 
Sg S^  dcoLg ng' 
and from the previous relations 
^1 = ^1 = ^ 1 ^ = ^ 1 ^ ^ + + duiCRZg) 
n2 (1 + OioC^Z^) 
Expanding t h i s expression and simplifying, then gives 
that 
n^ RR2+dcoC^(R^R2+R2R3+K-,R3)] = ^2 + 
jiocR(R^R2+R2R3+RiR3). 
and by equating the real and imaginary parts, the balance 
conditions become 
n^ ^ R^ Rg + R2R3 + + RR-i = C 
55^ RR2 
6U. 
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